Introduction
Celiac disease (CD), or gluten-sensitive enteropathy, is a malabsorption syndrome that occurs in genetically susceptible individuals who are intolerant to dietary gluten (1) . The disease is triggered by exposure to gliadin peptides, which are derived from peptidase-digested gluten and transported across the epithelial barrier to the lamina propria (LP). The peptides are then deamidated by the enzyme tissue transglutaminase 2 (tTG2), processed by APCs, and presented to LP CD4 + T cells in the context of HLA-DQ2/DQ8 molecules, leading to the activation of antigen-specific Th cells (2) . Additionally, LP CD8 + T cells that are activated by deamidated peptides in the context of HLA-A2 have been described in CD patients (3) . Gliadin peptides also induce IL-15 secretion by intestinal epithelial cells (ECs) and APCs that results in upregulation of MICA/B on enterocytes and the activation and proliferation of antigen-nonspecific cytotoxic CD8 + TCRαβ + intraepithelial lymphocytes (IELs) (4, 5) . Reprogramming of these effector IELs into lymphokine-activated T cells is thought to contribute to small intestinal mucosal damage in CD (4) (5) (6) . Interaction of the activating NK cell receptors, NKG2D or the heterodimer CD94/NKG2C, expressed by CD8 + TCRαβ + IELs, with their ligands MICA/B and HLA-E (on enterocytes), respectively, results in the release of IFN-γ and the contents of cytotoxic granules (perforin and granzyme B) that cause cytolysis of enterocytes (4) (5) (6) .
Thus, pathogenesis of CD involves generation of an adaptive as well as an innate effector response. The adaptive response involves activation of gliadin-specific LP CD4 + T cells that recognize immunogenic gliadin peptides in the context of HLA-DQ2 or HLA-DQ8 molecules, while the innate response, observed in the epithelial compartment, involves CD8 + TCRαβ + cytotoxic IELs directed against stressed ECs (reviewed in ref. 1) . Both these effector responses have been well studied in CD and have provided insights into the genesis of mucosal damage. However, little is known about the cellular networks, mechanisms, and mediators responsible for maintaining tolerance to ingested antigens, especially gliadin. Recently, IL-10-secreting, type 1 regulatory (TR1) CD4 + T clones were described in the LP of CD patients on a glutenfree diet (GFD) (7) . These T cells were gliadin specific and could suppress the proliferation of pathogenic CD4 + Th0 cells.
Increased numbers of TCRγδ + IELs have also been observed in the small intestinal mucosa of CD patients (8) (9) (10) (11) ). An increase of this IEL subset has been observed in all stages of disease including those with latent CD and active CD (ACD) or those on GFD, in some first-degree relatives of CD patients with HLA-DQ2, and in patients with dermatitis herpetiformis (12) (13) (14) (15) (16) . Although the reason for this increase has not been studied in depth, it has been suggested that TCRγδ + IELs may have immunomodulatory function (17) . In humans and mice, TCRγδ + T cells are preferentially located in epithelia of various organs, and they constitute a substantial fraction of intestinal IELs (18, 19) . It has been proposed that TCRγδ + T cells bridge innate and adaptive immune responses (20) . In the intestinal mucosa, these cells play a vital role in the maintenance of epithelial integrity and repair through the production of cytokines and growth factors (21) (22) (23) (24) . TCRδ-deficient mice, which lack TCRγδ + T cells, demonstrate exaggerated intestinal mucosal damage in response to parasitic infections (25) . In addition, murine small intestinal TCRγδ + IELs have been shown to express TGF-β mRNA, secrete IL-10, and inhibit cytotoxic T cell responses in vitro (26) .
In this study, we investigated the regulatory potential of small intestinal TCRγδ + IELs in CD patients and the mechanism of TCRγδ + IEL-mediated suppression of the cytotoxic effector response. We found that a higher percentage of small intestinal TCRγδ + IELs expressed the inhibitory NK receptor (iNKR) CD94/ NKG2A compared with TCRαβ + IELs and that the relative frequency of NKG2A + TCRγδ + IELs decreased in patients with ACD. TCRγδ + IELs from CD patients suppressed the IL-15-induced cytotoxic phenotype of CD8 + TCRαβ + IELs in vitro by secreting TGF-β. Furthermore, the secretion of TGF-β was enhanced upon ligation of NKG2A and triggering of the TCR. Our findings demonstrate that human small intestinal CD8 + TCRγδ + IELs have regulatory potential and they can utilize the iNKR NKG2A to suppress the cytotoxic programming of CD8 + TCRαβ + IELs in CD.
Results
Frequencies and phenotypic characteristics of TCRγδ + IEL subsets. The frequency of TCRγδ + IELs in human intestinal epithelium ranges from 2% to 40%, depending on the segment of bowel sampled (27) (28) (29) (30) . Several reports have shown that the frequency of TCRγδ + IELs is increased in the small intestine of patients with CD compared with healthy individuals (8) (9) (10) (11) . Using flow cytometry, we thus determined the frequency of TCRγδ + and TCRαβ + IELs in jejunal biopsies of individuals with CD on GFD; patients with ACD; and healthy individuals, who served as controls ( Figure 1A ). Screening of IELs from 38 CD patients (23 on GFD, 15 with ACD) and 10 controls revealed a significantly higher frequency of CD3 + TCRγδ + IELs in individuals on GFD (43.8% ± 14.1%) compared with patients with ACD (22.2% ± 14.4%; P < 0.0001) or controls (17.7% ± 7.8%; P < 0.0001) ( Figure 1B) . The frequency of CD3 + TCRαβ + IELs in individuals on GFD (56.2% ± 14.2%) was significantly lower compared with that in patients with ACD (77.8% ± 14.4%; P < 0.0001) or controls (83.2% ± 4.2%; P < 0.0001) ( Figure 1B ). We next compared the frequencies of CD8 + TCRγδ + IELs and CD8 -TCRγδ + IELs within different patient groups. We found that the frequency of both CD3 + CD8 + TCRγδ + and CD3 + CD8 -TCRγδ + IELs was significantly higher in individuals on GFD (15.6% ± 4.7% and 28.2% ± 9.5%, respectively) than patients with ACD (5.0% ± 3.5%, P < 0.0001; and 17.2% ± 11.0%, P = 0.003) or controls (0.7% ± 0.6%, P < 0.0001; and 4.9% ± 2.6%, P < 0.0001) ( Figure 1C ).
In ACD, CD8 + TCRαβ + cytotoxic IELs undergo a programmed activation that leads to an increase in the number of cells expressing increased amounts of cytotoxic granule proteins, perforin and granzyme B. In order to determine the cytotoxic potential of TCRγδ + IELs, we compared the frequency of CD3 + CD8 + TCRγδ + IELs and CD3 + CD8 -TCRγδ + IELs expressing intracellular cytotoxic granule proteins within different patient groups. The percentage of CD3 + CD8 + TCRγδ + IELs expressing perforin and granzyme B was significantly higher in patients with ACD (67.6% ± 6.5% and 50.3% ± 15.5%, respectively) compared with those on GFD (40.5% ± 11.6%, P = 0.002; and 25.3% ± 17.4%, P = 0.01) or controls (7.0% ± 2.4%, P < 0.0001; and 4.7% ± 1.7%, P < 0.0001). However, the percentage of CD3 + CD8 -TCRγδ + IELs expressing perforin and granzyme B in ACD patients (72.4% ± 13.3% and 51.6% ± 11.7%, respectively), though significantly higher than in controls (9.2% ± 2.5% and 5.7% ± 3.8%; P < 0.0001), did not differ significantly from that in individuals on GFD (61.6% ± 19.8%, P = 0.2; and 35.4% ± 20.5%, P = 0.17). These findings indicate that, in addition to CD8 + TCRαβ + IELs, activated CD3 + CD8 + TCRγδ + IELs are also increased during disease exacerbation.
TCRγδ + IELs suppress the cytotoxic programming of TCRαβ + IELs. In CD, small intestinal EC damage is thought to be mediated by centage of intracytoplasmic IFN-γ- and granzyme B- and cell-surface NKG2D-expressing TCRαβ + IELs increased by 65.8% ± 21.6%, 43.8% ± 18.9%, and 54.9% ± 24.3%, respectively (Figure 2A ). Addition of TCRγδ + IELs to the cocultures suppressed the IL-15-induced upregulation of intracytoplasmic IFN-γ and granzyme B and cellsurface NKG2D in TCRαβ + IELs by 39.9% ± 12.8%, 63.8% ± 9.7%, and 46.1% ± 17.3%, respectively (Figure 2A) .
We next assessed whether TCRγδ + IELs could prevent activation-induced degranulation of TCRαβ + IELs, as measured by cellsurface expression of CD107a and CD107b (3, 31) . In 4 independent experiments, 14.6% ± 5.6% of CD3 + TCRαβ + IELs expressed CD107a/b, after 4 hours of stimulation with plate-bound anti-CD3. Addition of TCRγδ + IELs to stimulated CD3 + TCRαβ + IELs did not decrease the percentage of CD3 + TCRαβ + IELs expressing CD107a/b (12.9% ± 6.1%: Figure 2B ). This suggests that TCRγδ + IELs either decrease synthesis of cytotoxic proteins or formation of cytotoxic granules rather than inhibit exocytosis of cytotoxic granules by TCRαβ + IELs.
To determine the minimum number of TCRγδ + IELs required to suppress the IL-15-induced upregulation of intracytoplasmic IFN-γ and granzyme B in TCRαβ + IELs, TCRγδ + IELs were added to TCRαβ + IEL and ESA + EC cocultures at various TCRγδ + IEL/ TCRαβ + IEL ratios (0.1:1, 0.2:1, 0.5:1, 1:1, and 2:1). TCRγδ + IELmediated suppression was dose dependent, and suppression of the TCRαβ + IEL cytotoxicity markers was seen even at a ratio of 0.2:1 ( Figure 2C ). These results indicate that human small intestinal TCRγδ + IELs have the ability to suppress the cytotoxic programming of TCRαβ + IELs. We then compared the suppressive capabilities of CD8 + TCRγδ + IELs with those of CD8 -TCRγδ + IELs. At a 1:1 ratio of TCRγδ + IELs to TCRαβ + IELs, CD8 + TCRγδ + IELs showed more suppression than CD8 -TCRγδ + IELs. CD8 + TCRγδ + IELs were able to decrease the IL-15-induced increase in the percentage of intracellular IFN-γ- and granzyme B-expressing TCRαβ + IELs by 58.3% ± 11.9% and 65.8% ± 6.2%, respectively, while CD8 -TCRγδ + IELs were only able to decrease the percentage of intracellular IFN-γ-and granzyme B-expressing TCRαβ + IELs by 37.6% ± 5.9% and 32.8% ± 4.6%, respectively ( Figure 2D ). Suppression did not appear to be due to cytolysis of TCRαβ + IELs by TCRγδ + IELs, as the percentage of annexin V + TCRαβ + IELs was not significantly different in cultures with CD8 + TCRγδ + IELs (22.0% ± 6.5%) compared with cultures without CD8 + TCRγδ + IELs (16.9% ± 4.6%; P = 0.2; Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI30989DS1). In summary, CD8 + TCRγδ + IELs seem to suppress the cytotoxic programming of TCRαβ + IELs by mechanisms other than direct cytolysis.
TCRγδ + IELs express NKG2A. Expression of the iNKR NKG2A
has been found to be decreased on cytotoxic TCRαβ + IELs from ACD patients (6) . Thus, we determined the frequency of TCRγδ + 3) was seen in cultures to which CD3 + TCRγδ + NKG2A -IELs were added. When either 10 μg/ml anti-human NKG2A, 10 μg/ml anti-human HLA-E (MEM-E/06), or a cocktail of anti-human NKG2A and anti-human HLA-E were added to cultures containing CD3 + TCRγδ + NKG2A + IELs, the percentage of CD3 + TCRαβ IELs expressing intracellular IFN-γ increased by 38.5% ± 10.2%, 43.0% ± 9.8% and 46.2% ± 9.5%, respectively, as did intracellular granzyme B-expressing CD3 + TCRαβ IELs (27.0% ± 7.4%, 38.2% ± 9.1%, and 44.2% ± 10.2%). (B) Representative flow cytometry dot plots showing percentages of CD3 + TCRαβ + IELs that express HLA-E, from healthy controls, patients with ACD, and patients on GFD. (C) Box-and-whisker plots representing frequencies of CD3 + TCRαβ + IELs expressing HLA-E in jejunal biopsy samples from ACD patients (n = 8), GFD patients (n = 12), and controls (n = 7). (D) Representative flow cytometry histogram showing an increase in the percent of HLA-E-expressing CD3 + TCRαβ + IELs sorted from the jejunal biopsy of an ACD patient, after 24 hours treatment with 25 ng/ml of rhIFN-γ. (E) Percentage (mean ± SEM) of CD3 + TCRαβ IELs expressing intracellular IFN-γ and granzyme B in cocultures of CD3 + TCRαβ IELs treated with 25 ng/ml of rhIL-15 in the bottom chamber of a diffusion chamber system. When CD3 + TCRγδ + NKG2A + IELs were added to the bottom chamber or CD3 + TCRγδ + NKG2A + IELs with sorted HLA-E + CD3 + TCRαβ IELs (from an ACD patient) were added to the top chamber, a significant decrease (*) in the percentage of CD3 + TCRαβ IELs expressing intracellular IFN-γ (P = 0.004 and P = 0.006, respectively) and granzyme B (P = 0.003 for both) was seen. No significant decrease ( ‡ ) in the percentage of CD3 + TCRαβ IELs expressing intracellular IFN-γ (P = 0.09) and granzyme B (P = 0.08) was seen when CD3 + TCRγδ + NKG2A + IELs and HLA-E -CD3 + TCRαβ IELs were added to the top chamber (P values determined by Wilcoxon's signed-rank test).
and TCRαβ + IELs expressing NKG2A in jejunal biopsies of CD patients and controls. A significantly higher percentage of TCRγδ + IELs expressed the iNKR NKG2A (45% ± 12.7%) compared with TCRαβ + IELs (12% ± 6.3%; P < 0.004; Figure 3 , A and B). The percentage of TCRγδ + IELs expressing NKG2A was higher in healthy controls (72.5% ± 13.4%) compared with CD patients (33.1% ± 16.3%; P = 0.0003). Within different patient groups, a significantly higher percentage of TCRγδ + IELs expressed NKG2A in individuals on GFD (41.1% ± 12.8%) than in ACD patients (25.6% ± 19.8%; P = 0.0035). Among TCRγδ + IEL subsets, the percentage of CD8 + TCRγδ + IELs expressing NKG2A was significantly higher (42.3% ± 23.28%) compared with CD8 -TCRγδ + IELs (15.1% ± 12.03%; P < 0.0001: Figure 3C ). The frequency of CD8 + TCRγδ + IELs expressing NKG2A was significantly higher in controls (70.2% ± 16.8%) than in GFD patients (47.3% ± 16.4%; P = 0.02), and the frequency of CD8 + TCRγδ + IELs expressing NKG2A was lower in ACD patients (24.1% ± 12.9%) compared with both GFD patients (P = 0.003) and controls (P = 0.0007; Figure  3C ). The frequency of NKG2A + CD8 -TCRγδ + IELs was not significantly different among the 3 groups ( Figure 3C ). The percentage of CD8 + TCRγδ + IELs expressing NKG2A was higher in patients on GFD for more than 1 year (n = 10; 54.3% ± 15.4%) compared with patients on GFD for less than 1 year (n = 7; 27.9% ± 10.1%) and approximated that of controls (n = 10; 70.2% ± 16.8%); however, this difference was not statistically significant. Taken together, our results indicate that the iNKR NKG2A is predominantly expressed on CD8 + TCRγδ + IELs, a subset that is increased in individuals with CD who are on GFD.
Suppression by NKG2A + TCRγδ + IEL requires HLA-E ligation. To evaluate the mechanism of TCRγδ + IEL-mediated suppression, we first compared the suppressive capacities of NKG2A + TCRγδ + and NKG2A -TCRγδ + IELs. For this, we added sorted NKG2A + TCRγδ + IELs or NKG2A -TCRγδ + IELs to cocultures of TCRαβ + IELs and ESA + ECs, obtained from patients with ACD, in the presence of rhIL-15 (25 ng/ml) at a 1:1:1 ratio. NKG2A + TCRγδ + IELs were able to suppress the cytotoxic programming of TCRαβ + IELs, but no suppression was observed on addition of NKG2A -TCRγδ + IELs ( Figure 4A ). Suppression by NKG2A + TCRγδ + IELs was dose dependant and was seen even at a 0.1:1 ratio of NKG2A + TCRγδ + IELs to TCRαβ + IELs.
HLA-E, the ligand for NKG2A, is expressed on ECs of CD patients but not on ECs of healthy individuals (6) . Thus, we tested expression of HLA-E on ECs and IELs from CD patients and controls. As observed previously (6), we found that HLA-E was expressed on ECs from ACD patients (n = 8; 56.4% ± 23.2% of ECs) but not to any appreciable degree on ECs from controls (n = 6, 1.3% ± 0.7%). HLA-E expression was significantly lower in ECs from patients on GFD (n = 11; 4.1% ± 2.1%; P < 0.0001) compared with ACD patients. We also found that a significantly higher percentage of TCRαβ + IELs from ACD patients expressed HLA-E (n = 8; 34.1% ± 10.2%) compared with TCRαβ + IELs from individuals on GFD (n = 11; 11.7% ± 6.2%; P < 0.0001) and controls (n = 6; 1.4% ± 0.9%; P < 0.0001; Figure 4B ). We could not detect HLA-E expression on any TCRγδ + IEL subset. In addition, HLA-E expression on TCRαβ + IELs could be increased 2- to 3-fold upon addition of rhIFN-γ ( Figure 4C) , similar to what has been shown for small intestinal enterocyte-derived cell lines (6, 32) .
Since HLA-E is also expressed on TCRαβ + IELs from ACD patients, we investigated whether NKG2A + TCRγδ + IELs were able to suppress the cytotoxic programming of TCRαβ + IELs in the absence of ECs. We stimulated TCRαβ + IELs from ACD patients with rhIL-15, in the absence of ECs, and in parallel wells cocultured NKG2A + TCRγδ + IELs with TCRαβ + IELs, stimulated with rhIL-15, at a 1:1 ratio (in the absence of ECs). As shown ( Figure  2A ), addition of rhIL-15 increased the percentage of TCRαβ + IELs expressing intracellular IFN-γ and granzyme B and surface NKG2D but did not increase the percentage of HLA-E + TCRαβ + IELs (data not shown). Addition of NKG2A + TCRγδ + IELs led to a decrease in the percentage of TCRαβ + IELs expressing intracellular IFN-γ and granzyme B and surface NKG2D by 53.6% ± 12.4%, 66.8% ± 4.4%, and 32.5% ± 11.8%, respectively. Thus, suppression of the cytotoxic programming of TCRαβ + IELs by NKG2A + TCRγδ + IELs, in cultures lacking ECs, was of approximately the same magnitude as in cultures with ECs.
Next, we determined whether cell contact between NKG2A + TCRγδ + IELs and TCRαβ + IELs is necessary for TCRγδ + IEL-mediated suppression. We used diffusion chamber (Transwell) culture plates in which cocultures of NKG2A + TCRγδ + IELs and sorted HLA-E + TCRαβ + IELs (from ACD patients) were placed in the top chamber, separated by a 5-μm membrane from TCRαβ + IELs stimulated with 25 ng/ml IL-15 in the bottom chamber. In parallel, cultures with NKG2A + TCRγδ + IELs and HLA-E -TCRαβ + IELs (from the same patients) were placed in the top chamber, with TCRαβ + IELs stimulated with 25 ng/ml IL-15 in the bottom chamber. Additional cultures containing TCRαβ + IELs from ACD patients stimulated with 25 ng/ml IL-15 in the bottom chamber and only media in the top chamber were also set up. Suppression of the cytotoxic programming of TCRαβ + IELs was seen in cultures in which the HLA-E + TCRαβ + and NKG2A + TCRγδ + IELs were added to the top chamber, but not in cultures with NKG2A + TCRγδ + IELs and HLA-E -TCRαβ + IELs in the top chamber ( Figure 4D ). These findings indicated that ligation of NKG2A with HLA-E results in the release of a diffusible inhibitory mediator.
To further prove the requirement of NKG2A expression for the suppressive activity of TCRγδ + IELs, we added either an anti-NKG2A antibody or a mouse IgG1 isotype control antibody to cultures containing NKG2A + TCRγδ + IELs, TCRαβ + IELs, and ESA + ECs. Compared with the isotype control antibody, addition of anti-NKG2A was able to partially abrogate suppression of the cytotoxic programming of TCRαβ + IELs by NKG2A + TCRγδ + IELs ( Figure 4A ). We also found that addition of an anti-HLA-E antibody to cultures containing NKG2A + TCRγδ + IELs, TCRαβ + IELs, and ESA + ECs was able to partially inhibit the suppression of the cytotoxic programming of TCRαβ + IELs by NKG2A + TCRγδ + IELs ( Figure 4A) . Thus, blocking the interaction between NKG2A and its ligand, HLA-E, was able to abrogate the suppressive capability of NKG2A + TCRγδ + IELs.
TCRγδ + NKG2A + IELs express TGF-β1. IL-10 and TGF-β1 are important immunoregulatory cytokines, and their role in the function and differentiation of TR1 and Th3 types of Tregs, respectively, has been well documented (33, 34) . Using RT-PCR analysis, Lahat et al. have shown that both TCRγδ + and TCRαβ + IELs isolated from small bowel biopsies of CD patients express IL-10 and TGF-β1 (35) . We investigated intracytoplasmic expression of these cytokines in different IEL subsets isolated from jejunal biopsies of CD patients and compared the frequency of IEL subsets expressing either cytokine across different patient groups. We found a significantly higher percentage of intracellular TGF-β1-expressing cells among different TCRγδ + IEL subsets in comparison to TCRαβ + IEL subsets, while the latter had a higher percentage of intracellular IL-10-expressing cells ( Figure 5A ). Among TCRγδ + IELs, the frequency of CD8 + TCRγδ + T cells expressing TGF-β1 was significantly higher compared with that of CD8 -TCRγδ + T cells ( Figure  5B ). Comparing the frequency of TGF-β1-expressing IELs among the different patient groups, we found that patients on GFD had the highest percentage of intracellular TGF-β1-expressing TCRαβ + IELs, CD8 + TCRγδ + IELs, and CD8 -TCRγδ + IELs ( Figure 5B) .
TGF-β1 is secreted in its latent form as a homodimer and is noncovalently associated with a homodimer of latency-associated peptide (LAP) (36) . We next determined the cell-surface expression of LAP TGF-β1 on IELs from different patient subsets. We found that the percentage expression of LAP TGF-β1 on the cell surface of CD3 + IELs seemed to reflect their intracellular expression of TGF-β1, i.e., there was a significantly higher frequency of CD8 + TCRγδ + IELs expressing LAP TGF-β1 than CD8 -TCRγδ + IELs or TCRαβ + IELs ( Figure 5C ). When the frequencies of LAP TGF-β1-expressing IELs were compared among the different patient groups, patients on GFD had a significantly higher frequency of CD8 + TCRγδ + LAP TGF-β1 + IELs than did ACD patients or controls ( Figure 5C ).
We compared the intracellular expression of TGF-β1 and cellsurface expression of LAP TGF-β1 in NKG2A + TCRγδ + IELs and NKG2A -TCRγδ + IELs. Interestingly, the 2 forms of TGF-β1 were expressed in both IEL subsets in almost equal amounts ( Figure  5D ). When TCRγδ + IELs were cultured with plate-bound anti-NKG2A antibody, an increase in the percentage (and intracytoplasmic levels) of TGF-β1 expressing TCRγδ + IELs (53.4% ± 8.6%, MFI: 8,345 ± 3,769) as well as the percentage of cell-surface LAP TGF-β1 expressing TCRγδ + IELs (39.3% ± 12.16%, MFI: 1,289 ± 341) was observed after 24 hours, compared with TCRγδ + IELs cultured with plate-bound mouse IgG1 isotype control antibody (TGF-β1 23.5% ± 6.1%, MFI: 3,327 ± 929; LAP TGF-β1 16.8% ± 10.0%, MFI: 495 ± 103). The frequency of intracytoplasmic TGF-β1 + and cellsurface LAP TGF-β1 + cells and TGF-β1 expression levels increased further when TCRγδ + IELs were stimulated with a combination of plate-bound anti-CD3 and anti-NKG2A (TGF-β1 73.4% ± 4.3%, MFI: 18,834 ± 6,377; LAP TGF-β1 60.9% ± 7.7%, MFI: 2,654 ± 723). In addition, triggering of NKG2A on TCRγδ + IELs resulted in the decreased expression of intracellular IFN-γ and perforin, but intracellular expression of IL-10 was not affected under these conditions (data not shown). We also determined the levels of secreted TGF-β1 (measured by ELISA) in the supernatants from cultures in which TCRγδ + IELs were triggered with plate-bound anti-NKG2A. In 5 independent experiments, significantly higher levels of TGF-β1 were detected in supernatants from cultures with TCRγδ + IELs and plate-bound anti-NKG2A (490 ± 119 pg/ml), compared with cultures of TCRγδ + IELs and plate-bound mouse IgG1 (107 ± 26 pg/ml; P = 0.0079) or TCRγδ + IELs and plate-bound anti-NKG2C (136 ± 43 pg/ml; P = 0.0079; Figure 5F ). To investigate whether the direct interaction of NKG2A with its ligand, HLA-E, results in secretion of TGF-β1, we cocultured NKG2A + TCRγδ + IELs with sorted HLA-E + TCRαβ + IELs, NKG2A -TCRγδ + IELs with sorted HLA-E + TCRαβ + IELs, and NKG2A + TCRγδ + IELs with sorted HLA-E -TCRαβ + IELs. After 36 hours, levels of TGF-β1 were measured in supernatants from all 3 cultures by ELISA. In 3 independent experiments, we found significantly higher levels of TGF-β1 in supernatants from cocultures of NKG2A + TCRγδ + IELs with sorted HLA-E + TCRαβ + IELs (441 ± 35 pg/ml) compared with cocultures of NKG2A -TCRγδ + IELs with sorted HLA-E + TCRαβ + IELs (176 ± 37 pg/ml; P = 0.0009) and NKG2A + TCRγδ + IELs with sorted HLA-E -TCRαβ + IELs (213 ± 39 pg/ml; P = 0.0018; Figure 5G ).
Taken together, these results suggest that ligation of NKG2A results in increased TGF-β1 expression and secretion that is further enhanced by TCR triggering.
Suppression by NKG2A + TCRγδ + IEL is mediated by secreted TGF-β1. TGF-β has been shown to inhibit the expression of granzyme B, IFN-γ (37), and NKG2D (38) by cytotoxic T cells. Having established that TCRγδ + IELs express and secrete TGF-β1, we next determined whether TGF-β1 secretion by TCRγδ + IELs is responsible for their suppressive effect. We first tested whether addition of different concentrations of rhTGF-β1 to IL-15-treated (25 ng/ml) TCRαβ + IEL cultures affected their cytotoxic phenotype. There was a dose-dependent decrease in the percentage of TCRαβ + IELs expressing intracellular granzyme B and IFN-γ as well as surface NKG2D in cultures to which rhTGF-β1 was added ( Figure 6 , A and B). To establish a role of secreted TGF-β1 in NKG2A + TCRγδ + IEL-mediated suppression, we added either 1 μg/ml anti-TGF-β1 antibody or mouse IgG1 isotype control antibody to cocultures of TCRαβ + IELs and ESA + ECs (stimulated with 25 ng/ml rhIL-15) in the bottom wells of a diffusion chamber, with NKG2A + TCRγδ + IEL and HLA-E + EC cocultures in the top chamber. The percentage of TCRαβ + IELs expressing both intracellular granzyme B and IFN-γ and surface NKG2D increased in cultures to which anti-TGF-β1 antibody was added, compared with those with isotype control antibody, indicating that addition of anti-TGF-β1 to the culture partially abrogates the suppressive capability of NKG2A + TCRγδ + IELs ( Figure 6C ). Furthermore, we also added 1 μg/ml of an anti-IL-10 antibody in parallel cultures to determine whether IL-10 was involved in NKG2A + TCRγδ + IEL-mediated suppression. Addition of the anti-IL-10 antibody did not result in an increase in the percentage of TCRαβ + IELs expressing intracellular granzyme B and IFN-γ or surface NKG2D ( Figure 6C ), thus excluding a role for IL-10 in NKG2A + TCRγδ + IEL-mediated suppression.
Taken together, our findings suggest that ligation of NKG2A expressed on TCRγδ + IELs with HLA-E on ECs or TCRαβ + IELs results in the release of TGF-β1, which mediates the suppression of the cytotoxic programming of TCRαβ + IELs.
Discussion
The mucosal immune system of the gastrointestinal tract is able to discriminate between harmless ingested antigens such as gliadin, a component of wheat gluten, and pathogenic antigens. This is due to the unique ability of small intestinal mucosa to maintain a tolerogenic state until a pathogenic non-self antigen is encountered, which is cleared by an immediate and effective immune response. This dual ability requires not only crosstalk between the innate and adaptive immune systems, but also a precise balance between the cytotoxic effector arm and regulatory networks in the epithelial compartment and in the LP.
In both mice and humans, several types of Tregs have been shown to play a role in maintaining a tolerant state and preventing intestinal autoimmune reactions (33, 34, 39) . Different subsets of Tregs, including antigen-specific and naturally occurring CD4 + CD25 + FOXP3 + Tregs, IL-10-producing TR1 cells, and TGF-β-secreting Th3 cells have been studied extensively in both species (34) . Previous reports have also documented that intestinal ECs can activate and expand a subset of CD8 + Tregs within the intestinal mucosa of humans (40, 41). However, other T cells with regu-latory activity, such as TCRγδ + T cells and Qa-1-restricted CD8 + T cells, have only been characterized in rodents (20-22, 42, 43) .
Based on previous findings and our current results, it appears that during ACD, TCRγδ + IELs are recruited to the intestinal epithelium, in response to stressed or damaged epithelium, to repair tissue damage by elaborating growth factors (18) (19) (20) (21) (22) (23) (24) . Several studies have provided evidence for the regulatory capacity of TCRγδ + T cells in mice (20) (21) (22) . Kapp et al. (26) showed that murine intestinal TCRγδ + IEL clones, generated by stimulation with concanavalin A and growth factors, expressed TGF-β1 mRNA, but inhibition of CTL responses was mediated by secretion of IL-10. We describe the identification and function of a subset of TCRγδ + IELs, in humans, which appear to have regulatory/suppressor T cell potential by limiting the cytotoxic potential of IL-15-induced TCRαβ + IELs in CD. Moreover, our findings indicate that, in CD, the suppressive effect of the human intestinal TCRγδ + IELs is mediated by TGF-β and not IL-10.
Recent studies in mice have shown that the CD94/NKG2A receptor on NK cells interacts with the Qa-1 molecule on activated T cells and inhibits NK cell-mediated elimination of activated autoreactive CD4 + T cells in EAE (44) . Human analogs of murine Qa-1-restricted CD8 + suppressor T cells have not been described as of yet. It has been postulated that certain Treg subsets in humans might have Qa-1-restricted CD8 + suppressor T cell characteristics. However, to date there is no evidence that these cells rely on the interaction of NKG2A with its ligand, HLA-E, for their suppressive capabilities. Our results indicate that the expression and ligation of the iNKR NKG2A by CD8 + TCRγδ + IELs is necessary for their ability to suppress the cytotoxic arming of human CD8 + TCRαβ + IELs. We found that a high percentage of small intestinal CD8 + TCRγδ + IELs express NKG2A in healthy individuals and that these cells are considerably diminished in patients with ACD. We also found that the percentage of small intestinal CD8 + TCRγδ + IELs expressing NKG2A increases after the patients commence GFD and the frequency approaches that seen in healthy controls after approximately 1 year on the diet. NKG2A recognizes nonamer peptides, which are derived from highly conserved leader sequences of HLA class I molecules or HLA-G and bound to HLA-E (45) (46) (47) . Although NKG2A competes with NKG2C for its interaction with HLA-E, the former has a higher binding affinity for HLA-E compared with NKG2C (48) . In humans, the expression of NKG2A has been shown to be higher on circulating TCRγδ + T cells than on TCRαβ + T cells (49) . In both mice and humans, NKG2A expression on T cells can be increased by TCR triggering (50, 51) and cytokines such as TGF-β1 (51) (52) (53) . One study has also reported upregulation of NKG2A by IL-15 in humans (54) .
Expression of NKG2A on T cells has been hypothesized to finetune the immune response and limit the cytotoxic potential of cytotoxic T cells by overriding signals from activating NKRs (50) . NKG2A belongs to the C-type lectin family of iNKRs, and its intracytoplasmic tail contains 2 ITIMs. Upon interaction with HLA-E, the ITIMs are phosphorylated, leading to the recruitment and activation of SHP-1 or SHP-2 phosphatases (55). This inhibits the formation of an activating NK immunologic synapse and suppression of NK cell activation (56) . It has been shown that cross-linking of NKG2A results in the suppression of IFN-γ and TNF-α production by NK cells (55) . Kim et al. have also shown that NK cells undergo MHC class I-dependent functional maturation or "licensing" that involves ITIM-bearing inhibitory receptors, which blocks activation of NK cells during an effector response (57) . Moreover, the interaction of NKG2A on peripheral blood-derived NK cells with HLA-E on hepatocytes in chronic hepatitis C virus-infected individuals has been shown to induce secretion of TGF-β1 and IL-10 (58). Our results indicate that cross-linking of NKG2A on TCRγδ + IELs alone or in combination with TCR triggering also leads to increased intracellular expression and secretion of TGF-β1. However, in contrast to NKG2A ligation suppressing activation of the responding cell (as observed in NK cells), we have shown that triggering of NKG2A can lead to the secretion of TGF-β1 by TCRγδ + IELs, which in turn suppresses the cytotoxic programming of TCRαβ + IELs. Our findings also indicate a novel role for NKG2A in TCRγδ + IELs, as a coreceptor for induction of TGF-β1, and suggest the possibility that TGF-β1, rather than NKG2A, might orchestrate a differentiation program required for the development of TCRγδ + IELs with regulatory potential.
HLA-E (the ligand for NKG2A) is expressed, in association with β 2 -microglobulin and peptide, on the surface of T cells at low levels (59) but not on normal intestinal epithelium (6) . However, it is induced on enterocytes of patients with ACD by IFN-γ (6, 60) . We have shown that HLA-E is also expressed on CD8 + TCRαβ + IELs in small intestines of healthy individuals, albeit at low levels. However, HLA-E expression is increased on CD8 + TCRαβ + IELs from ACD patients and diminishes on commencement of GFD. We were also able to demonstrate that NKG2A + TCRγδ + IELs can suppress the cytotoxic programming of CD8 + TCRαβ + IELs even in the absence of enterocytes due to the presence of HLA-E + CD8 + TCRαβ + IELs. Our findings might seem paradoxical, since on institution of GFD, epithelial HLA-E levels decrease while the frequency of NKG2A + TCRγδ + IELs increases. TGF-β1 secretion, however, could still be induced, since increased numbers of NKG2A + TCRγδ + IELs would have a higher likelihood of encountering HLA-E + ECs. There is considerable variation, both temporal and qualitative, in the resolution of small bowel mucosal injury after commencement of GFD. Olaussen et al. have shown that chemokine receptor 9 (CCR9) expression is reduced on intraepithelial and LP T cells in patients with ACD. However, CCR9 -and hence activated intraepithelial T cells still persist to variable degrees in patients on GFD (61) . Further studies are required to explore whether the relative proportion of activated TCRαβ + IELs to NKG2A + TCRγδ + IELs can predict mucosal recovery on initiation of GFD. CD8 + NKG2A + TCRγδ + IELs may also play an important role in maintaining a state of quiescence in latent CD and HLA-DQ2/8 + first-degree relatives of CD patients, since an increase in the number of intestinal TCRγδ + IELs has been noted in both instances. However, the tolerogenic mechanisms in these cases have not been explored.
TGF-β1 is an important regulatory cytokine that affects various biological processes, such as immune responses, wound healing, fibrosis and carcinogenesis (62) . It mediates its effect via its receptors (TGFBRI, -II, and -III) and a signaling pathway that is both smad dependent and independent (63) . TGF-β1 has been shown to limit cytotoxic T cell function by inhibiting the expression of perforin, granzyme A, granzyme B, Fas ligand, and IFN-γ (37, 64) and NK function by decreasing NKG2D expression (38) .
Our results indicate that TGF-β1 plays a major role in the TCRγδ + IEL-mediated suppression of the cytotoxic programming of TCRαβ + IELs. CD8 + NKG2A + TCRγδ + IELs, which have suppressive potential, express intracellular TGF-β1 and cell-surface LAP TGF-β1. The frequency of these cells is increased in patients on GFD compared with those with active disease. In addition, we show that this subset can suppress IL-15-induced cytotoxic pro-gramming of TCRαβ + IELs, specifically by inhibiting the expression of IFN-γ, granzyme B, and NKG2D.
However, due to the excessive amounts of IL-15 that continually stimulate TCRαβ + IELs in ACD, the suppressive abilities of TCRγδ + IELs may be overwhelmed till gluten is withdrawn from the diet and IL-15 levels diminish. It is unclear whether synthesis or secretion of TGF-β1 is altered, concomitant with continual activation of CD8 + TCRγδ + IELs in ACD. It is also possible that TCRαβ+ IELs do not respond to TGF-β1 during active disease due to diminished surface expression of TGF-β receptors or elevated expression of smad7. The latter, an intracellular inhibitor of TGF-β1 signaling, has been shown to restrict TGF-β1 inhibition of proinflammatory cytokine production in inflammatory bowel disease (65) . It has also recently been shown that IL-15 can inhibit smad3-mediated TGF-β1 signaling in T cells and IELs from patients with ACD have impaired smad3-dependent transcriptional responses, possibly due to the overwhelming amount of IL-15 produced in active disease (66) .
In summary, this report is the first to our knowledge to provide evidence that human small intestinal CD8 + TCRγδ + IELs have attributes of Tregs in the context of CD. In addition, we found that CD8 -TCRγδ + IELs, which are also increased in individuals on GFD, have suppressive capabilities, although these are much weaker than those of CD8+TCRγδ+ IELs. It remains possible that a subset of CD8 -TCRγδ + IELs has regulatory potential, warranting further characterization. Our study provides insights into the regulatory mechanism of human small intestinal TCRγδ + IELs, which might help in the identification of potential therapeutic strategies for patients with CD. Further studies are required to dissect the pathways used by TCRγδ + IELs in mediating suppression and identifying other regulatory lymphocyte subsets in CD.
Methods

Patients and controls. Jejunal biopsies were obtained from patients with ACD
(n = 15) and those on GFD (n = 20). ACD was diagnosed based on clinical symptoms and the presence of serum IgA antibodies and histologic evidence of total or partial villous atrophy. GFD patients were on a diet for a range of 1-3 years following diagnosis of CD and were TTG IgA negative, and histology revealed near normalization of villous architecture. Controls samples (n = 10) were obtained from healthy individuals who had biopsies taken during screening procedures for abdominal symptoms. All samples were taken in accordance with the regulations and approval of the Institutional Review Board of Columbia University. Informed consent was obtained from all patients.
Isolation of IECs. IECs were isolated from jejunal biopsies as previously described (4, 6) . Briefly, biopsies were put in RPMI solution containing 1 mM eEGTA (VWR), 1.5 mM MgCl2 (Sigma-Aldrich), and 1% FBS (Mediatech). After stirring for 1 hour at 37°C, cell suspensions were pelleted from the supernatant and washed 2 times in culture media containing RPMI (Mediatech) supplemented with 10% FBS, 10,000 IU penicillin, and 10,000 μg/ml streptomycin. Approximately 0.5 × 10 6 to 2.5 × 10 6 IECs were isolated from 6 jejunal biopsy pieces per patient.
Flow cytometric analysis and sorting of IELs. Six- or 8-color flow cytometric analysis was performed using an LSR II flow cytometer (BD). For surface staining, IELs were resuspended in flow staining buffer (PBS plus 2% FBS), labeled with fluorochrome-conjugated antibodies for 30 minutes at 4°C, and washed twice before analysis. The following antibodies were used: Pacific blue-conjugated anti-CD3 (anti-CD3-Pacific blue), anti-CD8-Alexa Fluor 700, CD107a- and CD107b-FITC (all from eBioscience), anti-TCRαβ-PerCP, anti-TCRγδ-allophycocyanin, anti-CD103-PE (from BD Biosciences), anti-LAP TGFβ1-PE, anti-NKG2A-PE, anti-NKG2A-allophycocyanin, anti-NKG2D-PE or anti-NKG2C-PE (all from R&D Systems), anti-CD94-FITC (BD) and unconjugated anti-human HLA-E (clones MEM/06 and MEM/07, from Abcam, and 3D12, a generous gift from Joel Le Maoult, Service de Recherches en Hémato-Immunologie, Commissariat a l'Energie Atomique, Hopital Saint Louis, Paris, France). IELs were defined as being CD103 positive. For intracellular staining, cells were fixed and permeabilized using a kit (eBioscience), according to the manufacturer's protocol, using the following antibodies: anti-CTLA-4-PE (R&D systems), anti-granzyme B-PE, anti-perforin-PE, anti-IL-10-PE, anti-IFN-γ-PE-Cy7 (all from BD Biosciences) and anti-TGF-β1-PE (IQ Products). Mouse IgG1 and IgG2a were used as isotype controls. For intracellular cytokine staining, cells were first activated with 2 μl/10 5 IELs of lymphocyte activation cocktail (PMA and ionomycin) with brefeldin A (Golgiplug; BD Biosciences) for 4 hours at 37°C prior to staining. Intracellular TGF-β1 staining was performed as previously described (67) .
An Annexin V:FITC Apoptosis Detection Kit I (BD Biosciences) was used, according to the manufacturer's instructions, to detect apoptosis of IL-15-treated TCRαβ + IELs after coculture with TCRγδ + IELs.
Analysis of flow data was performed using FloJo software (Tree Star Inc.). Flow sorting was performed using FACSAria (BD). Briefly, IELs were resuspended in flow buffer at 1 × 10 6 /ml and labeled with anti-CD3-Pacific blue, anti-TCRαβ-PerCP, anti-TCRγδ-allophycocyanin, anti-ESA-FITC (Biomeda), and anti-CD8-Alexa Flour 700 or anti-NKG2A-PE. After 30 minutes incubation, cells were washed twice using flow buffer and sorted into the following populations depending on the experiments; CD3 + TCRαβ + IELs, CD3 + TCRγδ + IELs, CD3 + CD8 + TCRγδ + IELs CD3 + CD8 -TCRγδ + IELs, CD3 + NKG2A -TCRγδ + IELs, CD3 + NKG2A + TCRγδ + IELs, and ESA + ECs. For sorting of HLA-E + populations, IELs were first stained with the unconjugated anti-HLA-E mAb followed by anti-mouse IgG1-PE.
Cell cultures. Sorted CD3 + TCRαβ + IELs and ESA + ECs were cultured in RPMI supplemented with 10% FBS at a 1:1 ratio in triplicate wells of 96-well U-bottom plates at 20,000 total cells/well in the presence or absence of 25 ng/ml rhIL-15 (R&D Systems). In some assays, ECs were not added. For suppression assays, sorted CD3 + TCRγδ + IELs, CD3 + NKG2A -TCRγδ + IELs, or CD3 + NKG2A + TCRγδ + IELs were added to IL-15-treated CD3 + TCRαβ + IELs with or without ESA + EC cultures in different amounts; TCRαβ + IEL/TCRγδ + IEL ratios: 0:1, 0.1:1, 0.2:1,0.5:1, 1:1, and 2:1. Suppression was measured as the mean (± SEM) of the differences of percentage of CD3 + TCRαβ + IELs expressing cytotoxic markers (IFN-γ, granzyme B, and NKG2D) in cultures without and with suppressor IELs.
Diffusion chamber assays were performed using cell culture inserts for 96-well plates with a 0.4 μm polycarbonate membrane (Transwell; Corning Inc.), in which CD3 + TCRαβ + IELs plus ESA + ECs were added to the bottom chambers and CD3 + NKG2A + TCRγδ + IELs plus either HLA-E + ECs or HLA-EECs were added to the top chamber separated by the membrane.
For antibody blocking experiments, 10 μg/ml anti-human NKG2A (clone Z199; Beckman Coulter), 10 μg/ml anti-human HLA-E (MEM-E/06; Abcam), 1 μg/ml anti-TGF-β1 (R&D Systems), 10 μg/ml anti-IL-10 (BD), or Mouse IgG1 (Sigma-Aldrich) was added to the suppression assays. To evaluate the effect of TGF-β1 on IL-15-induced activation of TCRαβ + IELs, rhTGF-β1 (R&D Systems) was added at various concentrations (5 ng/ml, 10 ng/ml, 50 ng/ml, and 100 ng/ml) to the IL-15-treated CD3 + TCRαβ + IEL and ESA + EC cultures. After incubation for 36 hours at 37°C, CD3 + TCRαβ + IELs were phenotyped for expression of intracellular IFN-γ and granzyme B and cell-surface expression of NKG2D as described above.
For antibody-mediated stimulation assays, IELs were cultured in 96-well flat-bottom plates (Costar) coated with 50 μg/ml anti-NKG2A (clone 131411; R&D Systems), 10 μg/ml anti-CD3 (UCHT1; BD Biosciences), or Mouse IgG1 (Sigma-Aldrich) for 24 hours at 37°C.
TGF-β1 ELISA. TGF-β1 levels in culture supernatants were detected using a Quantikine Human TGF-β1 Immunoassay (R&D Systems) according to the manufacturer's protocol. Culture supernatants used were collected and stored at -80°C. Prior to being assayed, the supernatants were thawed, left at room temperature to equilibrate, and treated with 1 N HCl for 10 minutes followed by neutralization with 1.2 N NaOH to activate TGF-β1. TGF-β1 levels in culture media were used to standardize the levels detected in supernatants.
Statistics. The mean values with SEM were used to denote the percentage expression of a given marker on the IELs and frequencies of IEL subsets. Paired samples were compared using Wilcoxon's signed-rank test, and when the different patient groups were compared, a nonparametric Mann-Whitney U test was used. Statistical analyses were performed using MedCalc software.
